Genistein is an isoflavone phytoestrogen commonly found in plants and plant-based products and is especially abundant in soy and soy-derived products. Human exposure to genistein occurs primarily via the consumption of soy and soy-based dietary products, and livestock are also commonly exposed to genistein via soybean-rich diets. Many beneficial effects of genistein supplements have been reported, including relieving menopausal symptoms, protecting the cardiovascular system, and preventing breast cancer \[[@r1],[@r2],[@r3]\]. However, it can also act as an endocrine-disrupting chemical due to its estrogenic activity \[[@r4]\], and therefore questions are currently being raised about genistein. Many adverse effects have been observed after genistein exposure at distinct stages during the lifespan of animals \[[@r5]\]. Of greater concern is what might happen during the early postnatal developmental period, which is a particularly vulnerable stage of life. Endogenous estrogen production at this stage is low, allowing genistein to more freely bind to estrogen receptors (ERs) in estrogen-sensitive tissues, and thus to exert its maximal ER-mediated effects. Additionally, infants consuming soy-based formulas have plasma concentrations of total genistein of approximately 1--5 µM and even up to 10 µM, which is several orders of magnitude greater than that of breast-fed or cow milk formula-fed infants \[[@r6],[@r7],[@r8]\]. Therefore, exposure to genistein earlier in life may produce more serious pathologies and lead to permanent structural and/or functional changes.

Animal studies suggest that neonatal treatment with genistein causes a series of adverse consequences on the development of the female reproductive system. Moreover, alterations in ovarian differentiation have been observed in mice treated neonatally with genistein, including formation of multi-oocyte follicles (MOFs) and oocyte nest breakdown \[[@r9]\]. The time of vaginal opening was advanced in female rats after neonatal exposure to genistein \[[@r10]\]. Additionally, fertility in adult rodents was reduced after neonatal genistein exposure, which was closely related to the disruption of estrous cyclicity \[[@r11]\], ovulation failure \[[@r12], [@r13]\], poor oocyte quality \[[@r14]\], and microenvironmental alterations of the reproductive tract \[[@r15], [@r16]\]. However, these studies showed limited data that described the state of the corresponding cells for genistein-caused pathologies.

The primary mechanism for the action of genistein is interference with estrogen signaling because the structural similarity of genistein to estradiol allows it to bind to nuclear ERs (ERα and ERβ) \[[@r17]\]. Once it binds to these ERs, it can initiate transcription classically by interacting with estrogen-response elements or binding early immediate genes, and ultimately function as an estrogen agonist or antagonist to regulate cellular growth, proliferation, and development in the target tissue \[[@r4]\]. The distribution of ERα and ERβ varies across tissues and cell types \[[@r18]\]. In the ovary, ERα is generally localized in the interstitium and theca cells (TCs), and ERβ is highly expressed in granulosa cells (GCs), whereas in the uterus, all cells (luminal and glandular epithelial, and stromal and myometrial cells) express only ERα. Furthermore, genistein possesses distinct binding affinity for ERα (4%) and ERβ (87%) \[[@r19]\]. The ability of genistein to inhibit tyrosine-specific kinases can act on the process of cell proliferation and differentiation \[[@r20]\], which is independent of its ER-mediated estrogenic activity \[[@r21], [@r22]\]. Based on this specificity and complexity, we hypothesized that there would be different genistein-mediated cell vitality during the development of various target tissues.

Therefore, the aim of the present study was to explore the relationship between the genistein-mediated cell activity and the genistein-caused histomorphological changes in reproductive tissues. Considering the susceptibility of the neonatal period, genistein exposure was undertaken on postnatal day 1 (PND 1) mice and lasted for 10 days. The serum circulating level of genistein following subcutaneous injection of 50 mg/kg·day is 6.8 ± 1.4 µM \[[@r23], [@r24]\], which is approximately half the level in an infant fed exclusively on soy-based formula \[[@r8]\]. In addition, genistein over a physiologically relevant concentration range has been proven to have cell growth-inhibitory actions in human breast cancer cells \[[@r25], [@r26]\]. Therefore, experiments were performed under a higher dosage (100 mg/kg) to ensure the plasma genistein concentration would reach up to 10 µM.

Materials and Methods {#s1}
=====================

Animal care and experimental design
-----------------------------------

Forty female Institute of Cancer Research mice (Qinglongshan Experimental Animal, Nanjing, China) were fed in an animal room with moderate light (12 h light:12 h dark) and suitable temperature (23 ± 2°C). To ensure consistent estrous cyclicity, we placed all female mice in the same cage during the adaptation phase. After 2 weeks, estrous females were identified by vaginal observation, and then cohabited for 24 h with mature male mice in a 2:1 ratio. After 18--20 days of gestation, the pregnant dams delivered naturally. A total of 80 female pups of similar weight were randomly selected and pooled together, and then we randomly allocated 10 pups per litter. The experimental mice (50 individuals in total) were subcutaneously injected with 100 mg genistein/kg body weight for 10 days from PND 1 to PND 10, and the control mice (30 individuals in total) were treated with an equal amount of vehicle (Dimethyl Sulfoxide + peanut oil). The genistein was purchased from Sigma-Aldrich (≥ 98% pure; G6649; Sigma Chemical, St Louis, MO, USA). To ensure adequate dissolution and dilution of genistein, we followed previously published methods \[[@r23]\]. All experiments were performed according to the guidelines of the Care and Use of Laboratory Animals prepared by the Institutional Animal Care and Use Committee of Nanjing Agricultural University, China.

Sample collection
-----------------

A total of 10 genistein-treated and 6 control mice at each age (across a total of 4 ages: PND 3, PND 10, PND 21, and PND 90) were randomly selected and sacrificed to collect ovaries and uteri. Subsequently, these tissues were fixed in 4% paraformaldehyde at room temperature (25--30°C) for 18 h, and then embedded in paraffin after dehydration and permeabilization for histopathologic observations and immunohistochemical staining. The remaining 10 genistein-treated mice and 6 control mice at PND 60 were placed for 2 months with mature male mice in a 2:1 ratio to measure the fertility of mice after neonatal genistein exposure.

Histopathologic observations
----------------------------

Paraffin-embedded ovaries and uteri were sectioned serially at 4 µm with a microtome and were dried using a chip drying device after the sections had been adhered to slides. The slices from different depths were stained with hematoxylin and eosin after deparaffinization and rehydration. After staining, the slices were sealed with neutral resin and mounted with cover slips. Histomorphology was assessed using a virtual light microscope (model BX51TF; Olympus, Tokyo, Japan). The cross-sectional areas of the uterine cavity and uterine wall were established by evaluating 15 slices (3 slices/uterus × 5 uteri) in each group. The structural characteristics of the ovary and uterus were observed from at least five mice in each treatment group.

Immunohistochemical staining
----------------------------

The slices were deparaffinized and rehydrated in a graded series of xylene and ethanol. Antigen retrieval was performed by heating slides to 100°C for 4 min in 10 mM phosphate-buffered saline (PBS) with 100 mM trisodium citrate dihydrate (9:1, vol/vol). The endogenous peroxidase activity was abolished by 0.3% H~2~O~2~ treatment, and then the non-specific binding was blocked by incubation with 5% bovine serum albumin (A4737; Sigma-Aldrich, St. Louis, MO, USA) for 1.5 h at room temperature. The slices were incubated overnight at 4°C with specific primary antibodies: rabbit monoclonal antibody Ki67 (1:250 dilution; D3B5; Cell Signaling Technology, Danvers, MA, USA), rabbit polyclonal antibody HSD17B (17β-hydroxysteroid dehydrogenase; 1:150 dilution; sc-32872; Santa Cruz, California, USA), and goat polyclonal antibody HSD3B (3β-hydroxysteroid dehydrogenase; 1:150 dilution; sc-30820; Santa Cruz). The immunoreactivity of these specific proteins was then detected using rabbit IgG or goat IgG-SABC kits (SA2002/SA1023; Boster Biological Technology, Wuhan, China), and visualized by 0.05% 3, 3-diaminobenzidine tetrachloride (D8001; Sigma Chemical) in PBS buffer for 40 sec. As a negative control, the slices were incubated with PBS instead of the primary antibody. Finally, the reacted sections were counter-stained with hematoxylin and eosin and mounted with cover slips. Images were captured under a virtual light microscope (model BX51TF; Olympus). Expression patterns and staining intensities of the proteins were established following the evaluation of 15 slices (3 slices/ovary and uterus × 5 ovaries and uteri). The staining intensities of HSD17B and HSD3B were measured based on methods established in previous studies \[[@r27], [@r28]\].

Cell culture and cell cycle progression analysis
------------------------------------------------

Primary GCs were obtained from the ovarian follicles of similar size from mice at PND 23. Cultures were maintained in Hyclone Modified Eagle's Medium Ham's F12 medium supplemented with 10% fetal bovine serum (SA102.02; CellMax, Beijing, China) and 100 IU/ml penicillin-streptomycin (SV30010; Hyclone, Logan, UT, USA) plus 50 µg/ml amphotericin B (A9528; Sigma Chemical) at 37°C with 5% CO~2~. Two days after inoculation, 10 µM genistein was added into fresh culture medium. After 24 h incubation, cells were removed from the culture dishes by trypsinization and centrifugation. After washing with PBS, they were suspended in 0.5 ml PI/RNase staining buffer (BD Pharmingen™, SA, 550825), and incubated for 15 min in the dark at room temperature. The suspension of 1 × 10^6^ cells was analyzed for each DNA histogram using flow cytometer with a FACS Calibur (BD Biosciences, Bedford, MA) in 1 h and the percentages of G0/G1, S, G2/M were analysed by Flowjo software. Each treatment was repeated three times in each independent experiment (n = 6); "n" represents the number of independent experiments.

Data analysis
-------------

Statistical analyses were performed using GraphPad Prism software version 5.0 (San Diego, CA, USA) and determined with analysis of variance (ANOVA). The results depicting cross-sectional areas of the uterine cavity, uterine wall, and cell cycle progression are presented as means ± standard error of the mean (SEM). Significant differences between the genistein-treated and control groups were considered at the P \< 0.05 level and are marked with an "\*."

Results {#s2}
=======

Genistein-induced alterations in ovarian and uterine differentiation
--------------------------------------------------------------------

Body weight was lower in the group that received genistein than that in the control group; however, there were no significant differences ([Supplementary Fig. 1](#pdf_001){ref-type="supplementary-material"}: online only, P = 0.3032). Histological observations of ovaries from mice after consecutive subcutaneous genistein injections for 10 days showed no obvious abnormalities among somatic cell populations, including GCs, TCs, and stromal cells. However, there was an abundant appearance of MOFs, i.e., a single follicle with two or more oocytes ([Fig. 1A-b--b1](#fig_001){ref-type="fig"}Fig. 1.Effects of exposure to 100 mg/kg genistein on ovarian and uterine development. A) Ovarian histological organization after consecutive subcutaneous genistein injections for 10 days. a and b are the representative sections of ovaries from control mice and neonatal genistein-treated mice, respectively; a1 and b1 are the partially magnified drawings of a and b, respectively. The red "\*" in b represents MOFs. B) Different stages of MOFs in ovaries from mice at PND 21. a is primordial MOFs; b is primary MOFs; c is secondary MOFs; and d is antral MOFs. C) Ovarian histological organization after consecutive subcutaneous genistein injections for 3 days. a and b are the representative sections of ovaries from the control mice and neonatal genistein-treated mice, respectively. D) Uterine histological organization in mice at PND 10 and PND 21. a--a1 and b--b1 are the representative sections of uteri from control mice and neonatal genistein-treated mice at PND 10, respectively; c and d are the representative sections of uteri from controls and neonatal genistein-treated mice at PND 21. E) The cross-sectional area of the uterine cavity and uterine wall in mice at PND 10 (n = 5) and PND 21 (n = 5). Results are shown as mean ± SEM and statistical differences were determined by ANOVA. The green spot indicates the control, red prismatic points indicate genistein treatment, and "\*" indicates a significant difference between controls and genistein treatment (P \< 0.05).) in the genistein treatment group than that in the control mice ([Fig. 1A-a-a1](#fig_001){ref-type="fig"}). Furthermore, these MOFs at different stages persisted to PND 21, including primordial MOFs ([Fig. 1B-a](#fig_001){ref-type="fig"}), primary MOFs ([Fig. 1B-b](#fig_001){ref-type="fig"}), secondary small MOFs ([Fig. 1B-c](#fig_001){ref-type="fig"}), and secondary large MOFs ([Fig. 1B-d](#fig_001){ref-type="fig"}). Additionally, oocytes were assembled with squamous GCs and formed a single primordial follicle in the control group at PND 3 ([Fig. 1C-a](#fig_001){ref-type="fig"}). However, there were many oocytes not surrounded by squamous GCs that retained the features of oocyte nests after 100 mg/kg genistein exposure for 3 days ([Fig. 1C-b](#fig_001){ref-type="fig"}). With respect to the uteri, genistein treatment for 10 days markedly enlarged the cross-sectional area of the uterine cavity (P = 0.0004) and uterine wall (P = 0.0063) ([Fig. 1D-b and Fig. 1E](#fig_001){ref-type="fig"}) compared to the control mice ([Fig. 1D-a and Fig. 1E](#fig_001){ref-type="fig"}). In the control mice, the arrangement among different uterine cellular layers showed apparent regularity ([Fig. 1D-a--a1](#fig_001){ref-type="fig"}). However, the arrangement of cells between stromal layers and myometrial layers after genistein treatment was disorganized, and the compactness among uterine cells decreased ([Fig. 1D-b--b1](#fig_001){ref-type="fig"}). In addition, numerous epithelial cells aggregated in the uterine endothelium of genistein-treated mice ([Fig. 1D-b1](#fig_001){ref-type="fig"}). To confirm whether the genistein-induced adverse effects on uteri could be abolished after genistein removal, we compared the morphology of uteri at PND 21. We observed that the regularity of the interface between the myometrium and stroma after neonatal genistein exposure ([Fig. 1D-d](#fig_001){ref-type="fig"}) was restored to that of the control mice ([Fig. 1D-c](#fig_001){ref-type="fig"}), as was the cross-sectional area of the uterine cavity and uterine wall ([Fig. 1E](#fig_001){ref-type="fig"}). However, the compactness among uterine cells ([Fig. 1D-d](#fig_001){ref-type="fig"}) with neonatal genistein treatment was lower than that of the control mice ([Fig. 1D-c](#fig_001){ref-type="fig"}).

Genistein-induced inhibition of cell proliferation
--------------------------------------------------

Cellular proliferation is the basis of organizational growth and differentiation; therefore, we further explored the proliferative activity in ovarian and uterine cells by Ki67 immunohistochemical staining in mice at PND 10. Ovaries from the control mice showed Ki67-positive nuclei widely distributed in the ovarian somatic cells ([Fig. 2A-a](#fig_002){ref-type="fig"}Fig. 2.Immunohistochemical staining of Ki67 proteins in ovaries and uteri from mice at PND 10 following 100 mg/kg genistein exposure for 10 consecutive days. A) The representative sections of Ki67 location in ovaries. a and b are the global distribution of Ki67-positive nuclei, a1 and b1 are the Ki67 locations in primordial follicles, a2 and b2 are the Ki67 locations in primary follicles, a3 and b3 are the Ki67 locations in secondary follicles, and aN and bN are negative controls for the elimination of non-specificity. B) The representative sections of Ki67 locations in uteri. a and b are the global distributions of Ki67-positive nuclei, a1 and b1 are the Ki67 locations in myometrium, and aN and bN are negative controls for non-specificity. C) Effect of genistein on ovarian follicle granulosa cell cycle progression. The percentages of G0/G1, S, G2/M were obtained by flow-cytometric analysis (\*P \< 0.05, n = 6, *vs*. control).), especially in follicular GCs ([Fig. 2A-a1--a3](#fig_002){ref-type="fig"}). With respect to the uteri, cells with Ki67-positive nuclei were generalized to the myometrium ([Fig. 2B-a](#fig_002){ref-type="fig"}) and were mainly concentrated in the vertical myometrial cell population ([Fig. 2A-a1](#fig_002){ref-type="fig"}). However, we observed fewer cells with Ki67-positive nuclei in ovaries ([Fig. 2A-b](#fig_002){ref-type="fig"}) or uteri ([Fig. 2B-b-b1](#fig_002){ref-type="fig"}) after genistein exposure by consecutive subcutaneous injections. Furthermore, the extent of genistein-induced deprivation of Ki67-positive cells decreased following the development of ovarian follicles, i.e., fewer Ki67-positive cells were found in primordial follicles ([Fig. 2A-b1](#fig_002){ref-type="fig"}) and primary follicles ([Fig. 2A-b2](#fig_002){ref-type="fig"}) than that in secondary follicles ([Fig. 2A-b3](#fig_002){ref-type="fig"}). These phenomena suggest that genistein inhibits cellular proliferation in both ovaries and uteri.

To further verify the proliferation inhibition effects of genistein, cell cycle progression analysis for ovarian GCs were performed *in vitro*. A significant increase in the cell ratio during the G0/G1 phase (P \< 0.0001) and an obvious decline in the S + G2/M phase (P \< 0.0001) were observed in genistein-treated GCs compared with the control group ([Fig. 2C](#fig_002){ref-type="fig"}).

Genistein-induced decline of ovarian function in adulthood
----------------------------------------------------------

The basic function of ovaries is to maintain folliculogenesis and then to ovulate eggs. Histopathologic observations of ovaries in female mice at PND 90 (adulthood) showed a significantly lower ratio of ovaries with corpora lutea in the neonatal genistein-treated group (2/10; 20%) compared to the control group (7/10; 70%). The number of corpora lutea in the ovaries was obviously different between the control group (5 individuals, numbers of corpora lutea were 8, 18, 12, 6, and 13; representative sections are shown in [Fig. 3A-a](#fig_003){ref-type="fig"}Fig. 3.Effects of neonatal genistein exposure on ovarian ovulation and folliculogenesis at adulthood. A) The histology of ovaries with corpora lutea from control mice (a) and neonatal genistein-treated mice (b). B) The histology of ovaries with many growing follicles and few regressing corpora lutea from control mice (a) and neonatal genistein-treated mice (b). a1--a4 and b1--b4 are the partially magnified drawings of a and b, respectively.) and the genistein-treated mice (2 individuals, number of corpora lutea were 1 and 3; representative sections are shown in [Fig. 3A-b](#fig_003){ref-type="fig"}). To explore the potential mechanism(s) underlying delayed corpora lutea formation after neonatal genistein exposure, we focused on folliculogenesis in mouse ovaries. Histopathologic observations showed that most ovaries (5/8; 63%) from genistein-treated mice had cystic follicles (representative characteristics are shown in [Fig. 3B-b1](#fig_003){ref-type="fig"}). Furthermore, these ovaries showed different degrees of hypertrophy in follicular TCs ([Fig. 3B-b2](#fig_003){ref-type="fig"}), ovarian cortex ([Fig. 3B-b2](#fig_003){ref-type="fig"}), and medullary cells ([Fig. 3B-b3](#fig_003){ref-type="fig"}), and the blood vessels in these ovaries also increased ([Fig. 3B-b4](#fig_003){ref-type="fig"}). Immunohistochemical staining further showed that the number of Ki67-positive nuclei in GCs and TCs visibly decreased in these cystic follicles ([Fig. 4A-a1](#fig_004){ref-type="fig"}Fig. 4.Immunohistochemical staining of Ki67 proteins on ovaries. A) Ki67 staining in cystic follicles from neonatal genistein-treated ovaries (a, a1--a2) and large follicles from control ovaries (b). B) Ki67 staining in ovarian medullary cells (a1: genistein group; b1: control group) and vascular epithelial cells (a2: genistein group; b2: control group).) compared to the control group ([Fig. 4A-b](#fig_004){ref-type="fig"}), and that Ki67-positive nuclei were only visible in a few regions ([Fig. 4A-a2](#fig_004){ref-type="fig"}). The number of Ki67-positive nuclei in ovarian medullary cells ([Fig. 4B-a1](#fig_004){ref-type="fig"}) and vascular epithelial cells ([Fig. 4B-a2](#fig_004){ref-type="fig"}) had no obvious differences compared to the control group ([Fig. 4B-b1 and b2](#fig_004){ref-type="fig"}). No genistein-treated adult achieved a successful pregnancy after 2 months of mating with males, whereas all control females became pregnant.

Genistein-induced alteration in HSD17B and HSD3B expression
-----------------------------------------------------------

In control individuals, HSD17B was mainly located in the GCs and was expressed differentially at different follicle stages ([Fig. 5A-a1--a5](#fig_005){ref-type="fig"}Fig. 5.Immunohistochemical staining of HSD17B and HSD3B proteins in ovaries. A) HSD17B and HSD3B staining at different stages of follicular development, and in cortex from controls (a1--a5 and c1--c5) and neonatal genistein-treated ovaries (b1--b5 and d1--d5). B) HSD17B and HSD3B staining in cystic follicles from neonatal genistein-treated ovaries (c--c1 and d--d1) and in normal large follicles from control ovaries (a and b). NC (N1--N5), negative control; HSD17B, 17β-hydroxysteroid dehydrogenase; HSD3B, 3β-hydroxysteroid dehydrogenase. and [Table 1](#tbl_001){ref-type="table"}Table 1.Relative levels of immunostaining of HSD17B and HSD3B in mouse ovaries), whereas HSD3B was highly expressed in thecal, cortical, and medullary cells ([Fig. 5A-c1--c5](#fig_005){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}). However, in genistein-treated neonatal mice, we noted a diminution in the HSD17B expression level (shown as the lighter color in the follicles of different sizes; [Fig. 5A-b1--b5](#fig_005){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}). Additionally, the HSD3B expression level was very low in control individuals ([Fig. 5A-c1--c5](#fig_005){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}), although the relative staining for HSD3B was visibly increased in ovaries from genistein-treated individuals ([Fig. 5A-d1--d5](#fig_005){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}). In the cystic follicles from ovaries of genistein-treated mice, the relative expression levels of HSD17B and HSD3B were both significantly different from that of the control group ([Fig. 5B](#fig_005){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}).

Genistein-induced disruptions in uterine morphology
---------------------------------------------------

Based on the status of the ovary (with or without corpora lutea), we further compared the uterine histology between control and experimental mice. The neonatally exposed mice ([Fig. 6A-b1 and d1](#fig_006){ref-type="fig"}Fig. 6.Effects of neonatal genistein exposure on uterine morphologic migration and Ki67 expression in mice at PND 90 corresponding to the status of the ovary (with or without corpora lutea). A) Uterine histology. a and c represent the development of uteri from control mice. b and d represent the development of uteri from neonatal genistein-exposed mice. a1--a3, b1--b3, c1--c3, and d1--d3 are the partially magnified drawings of a, b, c, and d, respectively; B) Immunohistochemical staining of Ki67 protein in uteri from control (a--a1 and c--c1) and neonatal genistein-exposed mice (b--b1 and d--d1).) could not form a normal uterine serosal layer ([Fig. 6A-a1 and c1](#fig_006){ref-type="fig"}). Epithelial cells of the uterine glands proliferated and adhered to each other, resulting in the formation of irregularly shaped glands ([Fig. 6A-b2 and d2](#fig_006){ref-type="fig"}), and the density of uterine stroma cells also decreased ([Fig. 6A-b3 and d3](#fig_006){ref-type="fig"}) compared to the control group. In addition, the number of Ki67-positive nuclei in neonatally treated uteri ([Fig. 6B-b1 and d1](#fig_006){ref-type="fig"}) was lower than that in the control group ([Fig. 6B-a1 and c1](#fig_006){ref-type="fig"}), including in the uterine stroma, endometrium, and glandular epithelium.

Discussion {#s3}
==========

Our study clearly showed that neonatal genistein exposure directly altered the normal differentiation of ovaries and uteri of nepionic mice and decreased the proliferation indicator Ki67 protein expression. Genistein exposure during early postnatal development also caused the appearance of many pathological characteristics in the ovaries and uteri of adult mice. We hypothesized that neonatal genistein exposure disrupted development in the mouse ovary and uterus by inhibiting cellular proliferation. The effect of genistein on ovarian differentiation in the present study was consistent with earlier findings by Jefferson *et al*. \[[@r9]\]. In their study, ovaries from genistein-treated mice produced MOFs and inhibition of oocyte nest breakdown at a dose of 50 mg/kg of genistein on PNDs 1--5. We also observed numerous follicles with two or more oocytes and a large number of unassembled oocytes in ovaries from PND 10 and PND 3 mice, respectively, after genistein administration (100 mg/kg). Furthermore, these MOFs developed continuously because MOFs at different stages persisted in the ovaries of mice at PND 21. In rodents and wildlife, MOFs are correlated with reduced fertility and decreased embryonic survival rates \[[@r14], [@r29]\]. Previous studies utilizing neonatal genistein injections and oral genistein administration have shown increased MOFs associated with decreased fertility as well as premature reproductive senescence \[[@r13], [@r30], [@r31]\]. Therefore, we speculated that exposure to high levels of genistein induced MOFs and disordered oocyte nest breakdown, and subsequently lowered female fertility.

The uterus appears to be another sensitive organ for genistein targeting. In the present study, we observed the enlargement of uterine volume that was supported by an increase in the cross-sectional areas of the uterine cavity. This effect was probably caused by excessive secretion and accumulation of genistein-mediated luminal fluid because previous studies have shown a dose-dependent increase in luminal fluid secretion rate and luminal fluid volume in the uteri of ovariectomized rats under subcutaneous genistein treatment \[[@r26], [@r32]\]. Another phenomenon in genistein-treated mice was the disorganized arrangement among different uterine cellular layers. The augmented cross-sectional area of the uterine cavity and the (ir)-regularity of the uterine structure gradually returned to normal after genistein removal as shown in mouse uteri at PND 21. It is still unclear how the augmented cross-sectional areas of these mice uteri were recovered. However, we suspect that the effect of genistein on uterine structure may depend upon its timeliness.

To determine the cause of genistein-altered ovarian and uterine differentiation, we examined the protein expression of proliferation indicator Ki67 in these two major reproductive organs and found that the number of Ki67-positive cells was obviously decreased in both ovaries and uteri from genistein-treated mice. Previous literature has shown that the nuclear antigen Ki67 is only present in proliferating cells \[[@r33]\]. Therefore, the fewer Ki67-positive cells suggest that genistein inhibited cellular proliferation in the ovary and uterus. This inhibitory property is supported by a study that reported a significant decrease in the relative mRNA expression level of the proliferation markers PCNA and Ki67 genes in uteri from pre-pubertal rats given a genistein-rich diet \[[@r34]\]. In addition, the cycle progression by flow cytometry *in vitro* showed that genistein caused a significant increase in ovarian primary GCs at G0/G1-phase cells. It is well known that the Ki67 protein is present during active cell cycle phases (G1, S, G2, and M phase); however, it is absent during the quiescent state (G0 phase). Therefore, genistein probably arrests cell cycle progression and leads cells into the G0 phase \[[@r34]\]. These results suggest that genistein could dramatically inhibit cell viability, which might be the cellular mechanism for the timely alteration of reproductive tissues influenced by genistein.

It is also worth mentioning the inhibitory effect on proliferation of somatic pregranulosa cells. The proliferation and differentiation of ovarian GCs are dependent upon ERβ-mediated estrogen action \[[@r35]\], and ERβ has also been proven to be responsible for the formation of MOFs \[[@r36]\]. This inhibited proliferative effect of genistein on somatic pregranulosa cells might then delay the process of assembly by somatic pregranulosa cells of individual oocytes to form primordial follicles. Consequently, genistein appeared to limit the number of pregranulosa cells surrounding multi-oocytes, and this might be another possibility governing MOF origination.

The present study clearly demonstrated that ovaries and uteri from adult mice were adversely affected by neonatal genistein exposure. Only a few ovaries successfully ovulated and formed corpora lutea, and their corresponding uteri failed to transition morphologically in terms of pregnancy preparation. Moreover, none of the treated mice became pregnant despite cohabitation with a male for 2 months. These phenomena indicate that adult fertility was impaired or abolished following developmental exposure to high doses of genistein, which has also been reported in previous studies for mice (50 mg/kg) \[[@r30]\] and rats (100 mg/kg) \[[@r37]\]. Our microscopic examination further showed that most of the ovaries from genistein-treated mice manifested cystic follicles, with differing degrees of hypertrophy in thecal, cortical, and medullary cells. The altered expression levels of HSD17B and HSD3B (the two enzymes that are responsible for estradiol and progesterone synthesis, respectively), indirectly reflected the disorder of intercellular steroidogenesis in the various functional cells of the ovary. Therefore, we hypothesized that the morphological alterations in ovaries from neonatal genistein-treated mice caused dysfunction of distinct cells, and ultimately caused a failure in folliculogenesis and ovulation. Furthermore, we observed that the uteri morphology of neonatally-treated mice failed to accomplish the corresponding transformation to allow for embryonic implantation after ovulation, which was mainly reflected in the uterine serosa that was unable to thicken compared to the control mice. This effect was possibly caused by an abnormality of the uterine gland because the glands from the genistein-treated mice were hyperplastic and the glandular epithelial cells adhered to one another. The fewer Ki67-positive staining cells in these uteri further proved that the proliferative activity was affected, reflecting the failure of proper uterine transformation essential for sperm transport and embryo implantation \[[@r38]\]. Therefore, the uterine pathologies induced by neonatal genistein exposure might also contribute to female infertility. One explanation given for the morphological alteration of these organs was the disruption of the hypothalamic-pituitary-gonadal axis function. Investigators have previously reported that neonatal genistein exposure in rats decreased the responsiveness of the pituitary to the gonadotropin releasing hormone \[[@r39]\]. Lasa *et al*. \[[@r40]\] showed that genistein exposure during the neonatal period adversely affected the ontogeny of hypothalamic kisspeptin signaling pathways, resulting in premature anestrous and ovarian development disruption in peripubertal rats. Alternatively, the proliferative inhibition of genistein during neonatal exposure could also contribute to the morphological alteration of these organs in adults by disrupting the timing of ovarian and uterine development. Therefore, both the disruption of the hypothalamic-pituitary-gonadal axis and the inhibition of ovarian and uterine development by neonatal genistein exposure might contribute to the later infertility in mice; however, which factor mainly induced this phenomenon still requires further investigation.

The plasma genistein concentration in infants fed exclusively on soy-based formula has been reported to be up to 10 µM \[[@r8]\], which is comparable to two times of the neonatal female mice treated by subcutaneous injection with 50 mg/kg genistein (a serum genistein circulating level of 6.8 ± 1.4 µM) \[[@r24]\]. Soy-derived isoflavone supplements that contain higher amounts of genistein than that in soy-based infant formula are also widely consumed by the peri- and post-menopausal population as a treatment for menopause symptoms \[[@r41]\]. Besides, isoflavones exposure is constantly increasing in both humans and livestock due to the industrialization of the soybean process \[[@r42]\]. Therefore, there is a possibility that the genistein exposure level in humans and livestock could be far greater than the physiologically concentration. Our study serves as a caution with respect to the progressive internationalization of soybean use in human and livestock feed.

In conclusion, the present study clearly showed that ovarian and uterine morphological development of adult mice can be disrupted following neonatal genistein exposure. The resulting pathological structures possibly play a direct role in the disruption of multiple reproductive functions, including abnormalities in ovulation and failure of uterine morphological transformation. We also suspect that genistein induces MOFs in ovaries, possibly by inhibiting somatic pregranulosa cell proliferation. However, the molecular mechanisms underlying these adverse genistein-induced effects require further investigation.
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